MWCNT, P/C/SiO 2 , P/SiO 2 : stable P/SiO 2 most selective, 90-95% 
Highlights
-P/C/Silica materials have been prepared by polymerization of furfuryl alcohol (FA) on a mesoporous silica, followed by H3PO4 addition before pyrolysis;
-P addition enhances the oxidative thermal stability of the FA-based carbon coating, based on the apparent activation energies;
-P/C/Silica materials are readily active (no induction period, as seen for P/Silica), selective and stable in the long term for the ethylbenzene oxidative dehydrogenation; -Styrene selectivity of P/C/Silica is better than a conventional MWCNT but lower than P/Silica. 
Introduction
In the petrochemical industry styrene (ST) production is considered one of the major processes; styrene is used principally as a monomer for polystyrene with different grades and as a component in the synthesis of styrene-butadiene co-polymer for automobile tires. ST is industrially over 85 % produced by direct dehydrogenation of ethylbenzene (EB) over a K-promoted Fe2O3 catalyst at 580-630 °C using an excess of steam [1] , (1):
The major feature of this process is the extremely high selectivity (>96 %), that makes the downstream processing relatively simpler, as compared to other catalytic processes.
The (small) amounts of byproducts (benzene, toluene, and hydrogen) have also commercial value. The process suffers, however, from high steam consumption, moderate conversion per pass due to the equilibrium limitations, and high temperatures are required for the endothermic reaction [2] . Remarkable efforts now and in the past have been put into overcome the equilibrium recycle, reducing the operation temperature, reducing the steam to EB ratio, and replacing steam by oxidants, such as O2 or CO2, or combinations thereof. The use of oxidants in this process (ODH route), can in theory and will in practice reduce the reaction temperature as the equilibrium limitation disappears for the case of O2 (2) or it is improved for the CO2-based ODH. It is nevertheless not an easy task finding a highly selective catalyst in the presence of an oxidant. This is because EB is also gasified and/or fully oxidized into CO/CO2 that has no economic value. Besides the selectivity, the ODH process is not commercialized yet due to the limited catalyst stability.
EB + ½ O2 → ST + H2O (2)
Two types of catalyst families have been proven to be active and selective for EB ODH.
Inorganic-based materials such as aluminas [3] [4] [5] [6] [7] [8] , metal pyrophosphates [9] [10] [11] , and  phosphates [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] or P-supported silica [10, 21] have been reported as a first class of catalysts. There is a general consensus that the coke deposit generated on the acid sites under these oxidative reaction conditions is more active and selective for the production of ST than the inorganic material itself [3] [4] [5] [6] 8, 22] . In fact, the formation of coke initially improves the activity and selectivity, however, in the long term an excess of carbon deposit leads to catalyst deactivation. Depending on the reactions conditions there is an activation period to achieve pseudo-stationary conditions, i.e. a period of time necessary to achieve full coverage of active coke on the surface, where the conversion and selectivity to styrene achieve both a maximum. We recently showed that for alumina it can be significantly shortened by working at 475 °C instead of 450 °C [8] .
The second catalyst family includes carbon based materials, such as activated carbons [23] [24] [25] [26] [27] [28] [29] , carbon nano-fibers [30] [31] [32] [33] [34] [35] , onion-like carbon [36, 37] , nanodiamonds [37] [38] [39] [40] [41] [42] [43] [44] , multiwall carbon nanotubes (MWCNT) [38, [45] [46] [47] [48] [49] , graphitic carbide [50] , porous graphene [51] and graphene-based composites [43, 44] . These materials are readily active and selective; the reported selectivities lie within 70-90 % that is low to moderate, as compared to the commercial steam dehydrogenation process (>96%). In some cases, the reported selectivity is significantly high, ranging 90-97%, however, in an excess of oxygen [48, 52, 53] . The performance and stability of these carbon-based catalytic materials is in general difficult to compare due to large differences in the applied operation conditions; principally temperature range, EB concentration, space velocity, and O2:EB vary significantly among the reported literature. We have recently compared, under identical and relevant ODH conditions, various types of carbon-based catalysts, ranging from conventional to nano-structured carbons [54] . It was found that nanostructured MWCNT is the most stable material; the structure resists the reaction conditions showing an EB conversion of ca. 30% (but deactivating) with a steady selectivity of ca. 80%. On the other hand, the low-cost carbon-SiO2 (C-SiO2) hybrids  prepared by furfuryl alcohol polymerization and pyrolysis were stable only for 15h; after that, the carbon of the hybrids decomposes completely rendering the almost inactive and non-selective silica matrix.
In this work we propose a strategy to enhance the thermal stability of these C/SiO2
hybrids for the ODH reaction. It is well-known that phosphorous has an inhibiting effect on the carbon combustion [55] [56] [57] [58] [59] ; in this study we investigated the effect of the P addition (on two loadings) on a furfuryl alcohol based silica hybrid. The performance of these P-based hybrid catalytic materials is compared to state-of-the-art P/SiO2 and a conventional MWCNT. The catalyst stability under the ODH reaction conditions will be evaluated from the combustion apparent activation energies.
Experimental methods

Materials
Bare precipitated amorphous silica extrudates (61138, denoted here as AS) was kindly supplied by Saint-Gobain NorPro, a Division of Saint-Gobain Ceramic Materials GmbH.
Purified MWCNT (C>96 wt.% experimentally determined) was kindly supplied by that only C is present in the final composite material. The wet material was shaken (VWR, digital DVX-2500) during 4 minutes at 2500 rpm at room temperature to distribute the solution evenly. Afterwards, the FA polymerization of the samples was carried out at 160 °C in an atmospheric oven during 8 h; the sample is named 15C/AS.
Preparation of the P/C/SiO2 catalysts
The phosphorus was added onto the dried 15C/silica material before pyrolysis as diluted orthophosphoric acid (H3PO4); a solution (10 mL) was prepared by mixing 0.651 mL (or 1.345 ml) of H3PO4 (Merck, 85%) with water; then 3.15 mL of the solution was (incipient wetness) impregnated into the 15C/AS dried material (3 g ). This corresponds to a phosphorous loading of ca. 3 or 6 wt.% (as P). Afterwards, the samples were shaken during 4 min at 2500 rpm at room temperature and dried at 70 °C overnight in an  atmospheric oven. The catalysts are denoted as 3P/15C/AS and 6P/15C/AS.
Carbonization protocol
The carbonization of the C/SiO2 and P/C/SiO2 samples was carried out by pyrolysis in a quartz-tube housed tubular oven (Nabertherm RT 50/250-11). The sample (~3 gram) was loaded in a flat quartz crucible and placed horizontally in the centre of the heating zone of the furnace. After closing and purging the tube for 30 min with N2, the sample was heated at 1 °C.min -1 from room temperature until 700 °C for 3 h and subsequent cooling down in a nitrogen flow of 150 mL.min -1 STP.
Preparation of the P/SiO2 reference catalysts
Reference catalysts based on P on silica (3 and 6 wt.%) were prepared for comparison.
The P addition protocol is nearly identical to that described above for the P/C/SiO2 hybrid; using 212-425 m pre-sieved AS material that was obtained by crushing the commercial extrudates. The impregnated samples were then shaken during 4 min at 2500 rpm at room temperature and dried at 70 °C overnight in an atmospheric oven.
The samples were calcined in an air box furnace (Nabertherm LT9/11) from room temperature at 4 °C.min -1 until 500 °C and kept for 8 h. The catalysts are denoted as 3P/AS and 6P/AS. For this P/SiO2 catalyst formulation, it is noted that the calcination temperature ranging 500-700 °C does not have an influence in the performance (unpublished results); a low temperature was applied. The chosen concentrations, 3 and 6 wt.% represents 75% and 150% of the theoretical silica's surface monolayer capacity, assuming an homogeneous P deposition and the cross section for a phosphate group to be 24 Å 2 [74] . The monolayer capacity derived from Ar physisorption at 87 K was employed, since the Ar cross section is not affected by the surface polarity. 
Characterization
The total organic content of the fresh and spent catalysts was quantified by thermogravimetric analysis (TGA) on a Mettler-Toledo analyzer (TGA/SDTA851e) using a flow of synthetic air of 100 mL.min -1 STP. The temperature was increased from 30 to 900 °C at 10 °C.min -1 . Blank curve subtraction using an empty crucible was taken into account. The oxidation rate patterns (TPO) were obtained in the same instrument using the derivative of the TGA patterns.
CHN elemental analyses were carried out in a EuroVector 3000 CHNS analyzer, after dissolving the silica and the complete removal of "POx" groups (6 wt.% HF, 2 days at room temperature). All analyses were done in duplicate to verify possible sample heterogeneity. For these materials the standard deviation was <2%. The protocol consisted of weighing 2 mg of sample in a tin crucible using a 6-digit analytical balance (Mettler Toledo). The crucible is dropped with an autosampler into the analysis chamber and is rapidly heated at ~1000 °C, in the presence of an oxidation catalyst and oxygen.
This process allows the organics to be completely decomposed into CO2, H2O and N2.
These gases were subsequently separated in a Porapak QS column at 80 °C and quantified with a TCD detector. Acetonitrile (99.9%) was employed as external standard.
Nitrogen physisorption analyses (196 °C) were carried out in a Micromeritics ASAP 2020. The samples were degassed in vacuum at 250 °C for 10 h. The surface area was calculated using the standard BET method (SBET) [75] . The single point gas adsorption pore volume (VT) was estimated from the amount of gas adsorbed at a relative pressure of 0.98 in the desorption branch. The pore size distributions (PSD) were obtained from the BJH method [76] , using the adsorption branch of the isotherms; the mean pore size (BJH) is given by the position of the PSD maximum, while the t-plot method [77] was  employed to quantify the micropore volume (V) and surface area (S), using the statistical Harkins-Jura model (3) for simplicity:
The apparent activation energy (AAE, EACT) of the carbon combustion was calculated by the Ozawa-Flynn-Wall model [78] using a correlation between peak temperature for a given conversion and the heating ratefor four thermal analysis derivative curves:
where i is heating rate (K/min) and TX is temperature in Kelvin at iso-conversion. The 
Catalytic tests
The catalytic tests were carried out in a 6-flow micro reactor using a fixed volume of catalyst (0.8 ml, corresponding to 65 mm of bed length) in down-flow 4 mm quartz reactors. To assure that the catalyst bed is located in the isothermal zone of the furnace, the reactors were loaded with quartz wool, 10 cm glass pearls (0.5 mm diameter), the catalyst, 10 cm glass pearls (0.5 mm diameter), and a second quartz wool plug. The glass pearls have limited conversion; less than 3% EB conversion under all applied conditions. The reactor gas feed is a mixture that can consist of CO2, N2, and air that counts for a gas-flow rate of 36 mL (STP).min -1 ; the liquid EB-feed flow rate is 1 g/h (3.54 ml (STP).min -1 vapor) that is evaporated upstream each reactor in a -Al2O3 column, resulting in a 1:9 molar ratio of ethylbenzene to gas (~10 vol. % EB). This corresponds with operation at a GHSV of 3000 l/l/h. The total pressure was 1. 
Results and discussion
Characterization of the fresh hybrid catalysts
The thermal stability and amount of organic material of the P-hybrids were determined by TGA (Fig. 1) . The carbon contained in the hybrid starts to burn in air at around 450 °C with a maximum rate at 575 °C for both hybrids. The organic content as determined by TGA is 17.2 and 19.1 wt. %. The oxidation stability in air was compared to the conventional MWCNT and a P-free counterpart (15C/AS) using the oxidation rate profiles (TPO, Fig. 1 ). Most of the materials start to burn in air above 450 °C, but the maxima vary among them; the most stable is MWCNT with a maximum at 625 °C. The maxima of the P-promoted hybrids virtually coincide with the 15C/AS material, so apparently P has no effect on inhibiting the combustion of the deposited carbon.
However, the determination of the apparent activation energies (AAE) will give a more thorough interpretation of the thermal stability, as it was shown in our previous study  [54] . Figure 2 shows the AAE for the combustion of the deposited carbon as determined by the Ozawa-Flynn-Wall model. A clear trend is seen where the P-based hybrids have an increased AAE of around 13% higher than that of the 15C/AS and lower than that of MWCNT (the latter is 24% higher than 15C/AS). Therefore, the AAE predicts a better thermal stability attributed to the P effect and possibly this will cause a stable operation under the reaction conditions.
High oxygen content of the deposited carbon has been one of the crucial compositional features for the selective, and active, sites for the reaction-produced active coke in the EB ODH reaction [22] . The elemental composition of both 3P/15C/AS and 6P/15C/AS hybrids was determined by CHN and compared to reported values for ODH cokes ( carbon, G and D peaks, respectively [82, 83] .
Comparison of the gas adsorption N2 isotherms was done in Figure 5 . The shape of the isotherms does not change upon deposition of carbon and phosphorus; isotherms of type  IV with hysteresis Hl were observed as for the bare AS silica; representing solids with high pore size uniformity and facile pore connectivity [84, 85] . No pore network effects were observed, indicating that the pores are well connected after the carbon/phosphorus addition. There is, however, a substantial reduction of the pore volume of 37% (3P/15C/AS) and 42% (6P/15C/AS); while the surface area only changes 8 and 18%, respectively ( Table 1 ). The BJH pore size distribution in Figure 3 (inset) shows a decrease of the intensity, associated to the filling effect of the carbon. Calculation of the average geometrical pore size (Table 1 ) reveals a reduction of pore size from 15.8 nm (AS) to 10.9 nm (3P/15C/AS) and 11.3 nm (6P/15C/AS). The t-plot analysis evidences the formation of micropores that contribute in 3.8-3.9% of the total pore volume (Table S-2) .
Therefore, there are two opposing effects on the texture; significant reduction of mesopore volume (and pore size) and formation of micropore volume, that will overall result in a moderate reduction of the total surface area. This is because the created micropores contribute significantly more to the surface area than mesopores. Therefore, the overall interpretation of the textural data is that a P-containing carbon coating has been created with the shrinking of the existing mesopores and the formation of new micropores in the carbon; those will contribute in maintaining a moderately high surface area.
The acidity was evaluated by pyridine adsorption; the 1545 cm -1 band corresponds to pyridinium ions (PyH + ) on Brønsted sites and the 1445 cm -1 band to of coordinatively bonded pyridine to Lewis sites (PyL) ( Figure 6 , Table 1 ). For the reference sample 15C/AS no traces of Brønsted nor Lewis acid sites are detected. Small amounts of Lewis acid sites are discriminated for the P-containing hybrids. The acidity is much higher for the P/SiO2 counterparts. The 3P/AS contains both Brønsted and Lewis sites, while the higher P-loading 6P/AS only Brønsted sites are detected. Py-thermodesorption studies evidenced that the acid sites of the highest strength was the most populated in 3P/AS,  i.e. with the highest A400/A170 ratio, Table 1 .
Pseudo-steady state EB ODH catalyst performance
The Fig. 8 and 9 ) is on average above 96% of the converted ethylbenzene.
Figures 7-10 compare the P-hybrids with various types of relevant EB ODH catalysts
under similar conditions. The P-hybrids are stable in terms of EB conversion and ST selectivity, though there is a slight gasification and burning process as reflected in the COx profiles (Fig. 9) . It is noteworthy finding that the P-hybrids were stable for 60 h. In our previous work [54] we reported that the P-free hybrid (15C/AS) starts to decompose after 20 h with the complete disappearance of the introduced carbon and very low conversion (<2.5%) after 35 h, which is the result of the residual bare silica performance.
Therefore, the addition of P has a remarkable effect on the thermal stability. This is consistent with the calculated apparent activation energies by the Ozawa-Flynn-Wall model that showed values for the P-hybrids (130-131 kJ.mol -1 ) near the MWCNT (144 kJ.mol -1 ) and higher than that for the 15C/AS (116 kJ/mol -1 ). Thus the oxidation stability in air appears to correlate to the stability under the reaction conditions.
However, as will be discussed later, there is another factor that contributes to the performance; the formed coke due to the presence of the observed acidic groups.
The performance of the P-hybrids is compared to state-of-the-art P/SiO2, MWCNT, and  prior work on C/SiO2 hybrids; the latter reported elsewhere [54] . The selectivity to ST ranges 85-90% (Fig. 8) , which is high, but slightly lower when compared to the P/SiO2 counterparts (85-95%) and much better than that of C/SiO2 that ranged between 50 and 80% [54] under identical reactions conditions. A more competitive carbon-based catalyst would be a conventional commercially available cleaned MWCNT. There is an ample agreement that the reaction is catalysed by the coke formed on the acid sites (or available sites), containing oxygen groups. The temperature effect on the performance is a function of two factors; the rate constant with increasing temperature and the decrease in the number of active sites due to the thermolysis of oxygen containing groups at higher temperatures. This can be clearly seen in the performance of this MWCNT, where the optimal temperature was found at 450 °C, while at 475 °C the conversion decreases. This is consistent with Delgado et al. [32] and Zhao et al. [35] , where a maximum conversion was observed at a certain temperature.
When the ST selectivity or EB conversion of these P-based hybrids is compared to the MWCNT, it can be seen that the P-hybrids behave much better. At high temperatures (450-475 °C) both conversion and selectivity are optimal for the P-hybrids, while the difference becomes negligible at lower temperature (425 °C). The trends in selectivity were opposing. While the selectivity of the MWCNT was best at lower temperatures (in agreement with literature that often reports an operation range between 350-400 °C), higher temperatures were most favourable for the P-hybrids. Thus the P-hybrids seem to be a high-temperature catalyst for this application with higher selectivity and conversion than that of a conventional MWCNT.
An additional feature to remark is that the P-hybrids are readily active and selective while the P-based silica catalysts (3P/AS and 6P/AS) require substantial time to reach the pseudo-stationary conversion (Fig. 7) ; 8 and 15 h respectively, under the applied conditions are required. This induction period is thought to be due to the slow formation  of active coke on the catalyst surface, induced by the acidity of the phosphates groups [10, 21] . This deposited coke is readily selective since the selectivity profiles do not have such activation period (Fig. 8) . The ST yield of these P/silica catalysts ( Fig. 10 ) is determined by a complex activation-deactivation phenomena of the conversion, related to the unlimited coke build up process.
When comparing the performance at 450 °C between the second and last sequence in the catalytic test, it can be observed that the P-based hybrids drop in conversion; the conversion levels do not return to the values obtained in the second cycle but it declines.
This can be associated to the on-going coking, though other deactivating phenomena associated to the silica itself cannot be ruled out. Such a drop in conversion is lower than those for MWCNT and P/SiO2 catalysts, with the exception of 6P/AS that seems to be activating due to the slow coke deposition. When analysing the long-term reaction times, the P-hybrids performance tends to the 3P/SiO2 catalyst in terms of conversion with a somewhat lower selectivity to styrene than the 6P/SiO2 catalyst. Such type of comparison with a competitive catalyst is hardly found in the literature and it indicates that it seems to be hard finding a carbon-based catalyst that outperforms the conventional P/SiO2.
In conclusion, the P-based hybrids show interesting features. They lack the induction period, i.e. they are readily active and selective, and the selectivity and conversion at high temperature (450-475 °C) is superior when compared to the MWCNT. The difference in selectivity and conversion becomes negligible when working at 425 °C.
They seem to be thermally stable, with no major gasification or burning for 60 h under the applied reaction conditions. The on-going deactivation is less extensive than the other reference catalysts tested. In the long-term they behave like P/SiO2 in terms of conversion with a lower ST selectivity.

Spent catalysts characterization and deactivation
The coke content in the spent catalysts was determined by TGA ( Fig. S-1) . The coke build-up was calculated by the difference between the organic content of the spent catalyst minus that of the starting catalyst. Figure 11 shows that the P-hybrids build up coke during the reaction to ca. +23-24 wt. %, while in a previous work it was shown that the P-free 15C/AS does not build any coke but the original carbon was fully gasified/combusted during the reaction [54] . Thus, P can stabilize the FA-based coating as predicted by the AAE, but it also builds up coke. The latter is attributed to the observed Lewis acidity; the acidity is small but the reaction temperature is high, so this is favorable to promote the ODH coke build-up. The P/silica also builds coke in a much wider range, from 14 (6P/AS) to 43 wt.% (3P/AS), which is related to the differences in the surface areas of the fresh catalysts, but not strictly proportional. It is also due to the fact the 6P/AS is still in the activation process, so not all the surface area (and pore volume) has been covered (loaded) by coke.
Chemical analysis proves a higher oxygen content of the spent hybrid catalysts than that of the fresh counterparts (Table S-1) ; it comes from the additional coke formed during the reaction that is richer in oxygen-containing groups. The higher O content is consistent with a more facile oxidation in air, evidenced by a shift towards lower temperatures in the TGA maxima (Fig. 1) . Representation of the composition in a van Krevelen-like plot (Fig.3) shows significant changes; higher O:C ratios and the C:H varies from a relatively high ratio, characteristic of FA-based carbons having low H content [63, 65, 66, 68] , to lower ratios near the values often reported for the ODH coke. It is obvious that the fresh hybrid catalysts cannot be hydrogenated under the ODH conditions; hence this compositional effect is ascribed to the deposition during the reaction of new ODH coke that is richer in H and O.
Raman spectra of the spent hybrid catalysts indicate the presence of a more ordered  structure that has been formed during the reaction. The D/G peak ratio becomes smaller ( Fig. 4 and Table S-4) and this can be explained by two effects: 1) removal of the (more) amorphous carbon domains by gasification/burning and 2) deposition of sp 2 -rich carbon materials, or both effects simultaneously; the second is due to the buildup of new polyaromatic ODH coke.
Therefore, TGA/TPO, CHN, and Raman reveal the formation of a coke with different nature than that of the starting P-hybrid.
Porosity evaluation of the spent hybrids evidences that a reduction of the surface area and pore blockage are the main sources of catalyst modification during reaction. The specific surface area and pore volume are reduced around 70-80% for both parameters (Table 1) , resulting in a less active catalytic system. The isotherms change the shape having a closure point around 0.45 in the relative pressure (Fig. 12) , indicating the presence of pore network restrictions associated to the over-coking from the reaction.
The spent 3P/AS and 6P/AS also manifested a substantial reduction of surface area (63 and 24%) and pore volume (80 and 43%) ( Table 1 , Fig. 12) ; the 3P/AS has pore network effects, while 6P/AS does not have it because it has much larger pores and less deposited coke. The 6P/AS is also less affected possibly because the surface is not yet fully covered in coke; the conversion keeps increasing after 55 h, which is an indication of on-going coke build-up. Thus, over-coking is identified as responsible for the decrease in the texture for both P/silica and P/C/silica hybrids during reaction.
It was found that the deactivation is very weak (when comparing the EB conversion at 450 °C between the second and last sequence in the catalytic test) despite the surface area drops about 70-75%. This is due to the presence of mesopores pores; the pore sizes were always > 9 nm. This is consistent with Pereira et al. [28] for their carbons study, where the EB conversion was not much affected by the surface area for pores above 1.2  nm.
Conclusions
The thermal stability of a composite material derived from the polymerization and pyrolysis of furfuryl alcohol on a commercial silica, can be enhanced by P addition. This is concluded from the estimation of the apparent activation energies in air oxidation.
These P-modified hybrids are readily active, selective and indeed stable in the applied reactions conditions, in line with the apparent activation energies. At high temperatures (450-475 °C) they perform better than a conventional MWCNT while the difference becomes negligible at lower temperature. Introduced acidity by the P-addition is responsible for the coke build-up, which gives rise to a decrease of the surface area and pore volume during reaction. Comparison with a reference P/SiO2 counterparts indicates a very similar yield than the hybrids but more selective to ST for P/SiO2. In the long term operation, the (optimal) P/SiO2 appears to be a better choice in terms of selectivity.
The benefit of the P-hybrid is the lack of the induction period since the introduced carbon is readily active and selective for the EB ODH reaction. 

